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SUMMARY 

The different ia l  equation proposed by Steinhausen" f o r  the 
response  of the s e m i c i r c u l a r  cana ls  includes two constants  which 
m u s t  be de te rmined  experimental ly  o r  computed f rom known 
canal cha rac t e r i s t i c s ,  
the value of the ra t io  of the two constants,  but wide differences 

T h e r e  is genera l  ag reemen t  regard ing  

----.-J:-- fhn;,-* - ~ + r i ~ l  ~ r a l i i e s . .  TKis a a o e r  examines  the evidence - - 0 -  u 

f o r  the d i f fe ren t  values  5 f  these  constants,  
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INTRODUCTION 

Steinhausen'' defined the response  of the s e m i c i r c u l a r  cana ls  by the equa- 
tion, 

I *  

e -t- L6 -t- Pe = f(t) 
where  

0 
A p = -  ii L - -  

I I 

= disp lacement  of the endolymph 

and 
&I = the moment  of v i scous  fo rce  exe r t ed  on the endolymph p e r  

unit angu.lar veldcity 
I = the  moment  o€ i ne r t i a  of the fluid 
Q = the e1astI.C momenL exerieu VII  LUG G L ~ U V L ~ U ~ ~ ; ~  y V L  LTrIIIu 

.. - -  

ang ul a r d i s pl a c e m en t 

The ra t io  
var ious  methods,  
give a value of T between 7 and 10 for  the cana ls  of man. 

is the t ime  constant   of the cana ls  and has  been establ ished by 
T h e r e  is genera l  agreement  between these methods which 

P 

2 T h e r e  is no such  agreement ,  however, f o r  t h e  values  of L and P, Van Egmond, 
8 

et al, and Niven and Hixson, give approximate values  of L =: 10 and P = 1, 
7 4 

while Mayne found values  of L = 200 and P = 24; J o n e s  and Milsum published 
frequency r e sponse  of t h e  cana ls  corresponding to still higher  values  f o r  these  
constants.  The d iscrepancy  is in the  value of L, because P is not determined 
d i rec t ly  but computed f r o m  L and the t ime constant 7. It  is proposed to 

examine  h e r e  the manner  in which t h e  constant  L h a s  been calculated. 

s- 

- 1- 
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THE CONSTANT O F  THE SEMICIRCULAR CANAL 
DIFFERENTIAL EQUATION 

Hgdrodgna.mic Considerat ions 

Schmaltz w a s  pe rhaps  the first to  apply mathematical  analysis  to the s e m i -  
c i r c u l a r  canals-  
which w a s  introduced by Steinhausen!.' It included, however, the constant L. 
H e  computed L f r o m  the following formula  which he der ived f r o m  hydrodynam- 
ic conside rations.  

9 

His  equation did not; include the e las t ic i ty  of the cupula, 

where  

,Q = the  coefficient of viscosi ty  of the endolymph taken as 
1 X I O  v r / c m  sec -2 

3 

1 = densi ty  of the endolymph taken as 1 g r / c m .  
r = in te rna l  rad ius  of the s e m i c i r c u l a r  canals . taken as 

2 x cm,  

Using th i s  fo rmula  and the above values  f o r  the cha rac t e r i s t i c s  of the endo- 
lymph and dimensions of the cana ls ,  Schmaltz obtains,  9 

L = 200, 

5 Mayne 
8 . 3 ,  to compute P =: 24. 

used  th i s  value of L, toge ther  with an es t imated  t ime  constant of 

2 The s a m e  fo rmula  was  used by van Egmond, et al, 
pute L ,  and h a s  been r e f e r r e d  to  frequently in the l i t e ra ture .  
the d iscrepancy  i n  the value of L computed by th i s  fo rmula  and that  proposed 
by va r ious  invest igators ,  it is we l l  to examine i t s  derivation, 

with alteration, to com-  
Because  of 

-2- 
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Derivation of the Formula  

The  formula  is based  on the Hagen Poiseui l le  law fo r  l a m i n a r  flow in pipe. 
Lamina r  flow always o c c u r s  when the Reynold number  is less than 2200. 

Reynold number of the s e m i c i r c u l a r  canal probably neve r  exceeds one (1) o r  
two (2) and, therefore ,  the cana ls  are w e l l  within the range  of application of 
the law. 

F r o m  the l a w s  of l a m i n a r  flow of fluid in a tube 

I 

The 

1 w e  havel 

where 
- * - - -  - - 2  .c~..:A A ~ l ; w o w r , A  nnif nf t i m e  . Y * - - - - -  - -  --__. w -  

PI- P2 the  difference of p r e s s u r e  between the two ends 
of the pipe 

! = the  length of the pipe, 

But, 
2 (P1 - P,)V r = f 

where  
f = f o r c e  exe r t ed  on the fluid, 

Also, 
8 

2 V "  
Vr 

*- where  

v = the velocity of the fluid, 

Substituting Equations (4) and (5) i n  Equation ( 3 )  gives  

f 
v =  Fimq 

but f o r  the canal, 
, ! = 2 V R  

where  
R = the  r ad ius  of cu rva tu re  of the canal,  

- 3- 
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Substituting Equation 
velocity, we have 

(7) i n  Equation ( 6 ) ,  and dividing by R to  obtain angular  

a f e =  
16q2r R 2  

Solving for  the force on the endolymph p e r  unit  velocity g ives  

or ,  in t e r m s  of moment p e r  unit  velocity, 

2 3  f R = i b = l 6 n r R  . 
6 

The moment  of i ne r t i a  of the endolymph is 
3. 

I - m w  

where  
m = the m a s s  of the endolymph, 

giving, 

where  
P =  the densi ty  

Finally, f r o m  Equations 

2 2  3 ‘ I = ~ ~ F ~ R P  

of the fluid. 

(10) and (12), 

which is the  fo rmula  der ived  by Schmaltz. 
an  e r r o r  o r  &n omiss ion  in  th i s  derivation. 

W e  will see l a t e r  tha t  t he re  is *- 

-4- 
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The Effect of the Utricle 

The formula is developed under the assumption that the canals  fo rm a com-  
plete c i rc le  of the s a m e  internal radius. Actually, a s  the i r  name  implies,  
the canals  compr ise  only about half a circle;  the remaining half is taken up 
by the utr ic le  where  the canal is ve ry  much enlarged and consequently the 
flow is ve ry  much slower. Van Egmond, et a lY2  argued that because of the 
reduction of velocity in the utr ic le ,  the viscosity can be neglected and the 
constant eight (8) in  Equation (13) should be reduced to four (4). 

There  is no question that viscosity can be neglected in a channel many t imes  
the c r o s s  section of the canal. 
reduction of viscosity,  
of the flow is proportional to the squa re  of the velocity t imes  the mass .  

But t he re  is a compensating fac tor  to this  
The m a s s  can a l so  be neglected. The kinetic energy 

If 
wnlncitxr i e  rnrIivcni4 in  tho  c ~ m n  nrnnnrf inn  ~ f c !  m o a =  i a  inovnncnd  +hnrn  i c  a - -  
reduction of energy,  If, for  instance, the c r o s s  section of the canal is in- 
c r eased  one hundredfold i n  the utr ic le  (and the c r o s s  section is probably 
increased by a much g r e a t e r  factor) ,  the velocity is decreased  and the m a s s  
of the flow increased  by the s a m e  ratio. The net effect wi l l  be to reduce the 
kinetic energy by a factor  of 100. W e  can say, then, that  the effective m a s s  
in the utr ic le  is one percent  that  of a comparat ive length of canal, o r  0.01 

percent  of the  mass of fluid flow in t h e  utricle.  

It may be argued that  during angular accelerat ion the s a m e  p r e s s u r e  is built 
up p e r  unit length, r ega rd le s s  of the s i z e  of the channel and, therefore,  that  
the enlarged'cdannel should contribute to the driving force  on the fluid in the 
s a m e  m a n n e r a s  any o ther  section of the canal. 
however, the fluid must  be acce lera ted  at the en t rance  of the canal f rom the 
utr ic le  and the p r e s s u r e  w i l l  be lost. 

A s  soon as flow s t a r t s ,  

The p r e s s u r e  built up in t h e  utr ic le  

contributes a negligible amount in driving t'he endolymph in the canals. 

It will be noted that  the rad ius  of curva ture  of the canals,  o r  its length, 
Goes not en te r  into Formula  (13).  The value of L is independent of what 
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proportion of canal is taken up by the utr ic le .  ,The reduction of the constant 
f r o m  eight t o  f o u r  as proposed by van Egmond, et al, is not justified, t he re -  
fore ,  on the ground of the reduced velocity in the utricle.  It is justified, 
however, on o t h e r  grounds.  

The  Effect of Pa rabo l i c  Distribution of Velocity in the Canals  

The dis t r ibut ion of velocity a c r o s s  the d i ame te r  of a tube is not constant fo r  

l a m i n a r  flow. Th i s  dis t r ibut ion is taken into account in Equation (3)  insofar  
as the volume of fluid de l ivered  by the pipe is concerned. 
in Equation ( 5 )  and the  angular  velocity €3 in Equation (8) are averape  veloci-  
ties. The ave rage  angular  velocity of the endolymph integrated with r e spec t  
to  t ime  is a t r u e  m e a s u r e  of the cupula displacement ,  

The l i nea r  velocity 

- _ -  ---'- -:L- L - - * 7 - - 7 f i -  nannnt  h- i i q ~ d  i n  t,he ComDutatioll of iner t ia l  -. 
- --* .  .I..*" U."'Yb.. . -_-  

forces .  
iner t ia l ,  v i scous ,  and e l a s t i c  forces ,  o r ,  amounting to the s a m e  thing, by 
an accounting of all ene rg ie s  in the way of the kinetic energy  of the fluid, t h e  

Equation (1) is' der ived  o n  the bas i s  of an  eqGilibrium between . .  

potential ene rgy  of the displaced cupula, energy  l o s s e s  through viscosity,  
and energy  input through t r ans i en t  movements  of the head. 
impl ies  that  the  energy  of the flow is 

The  derivation 

I 1 2  
E = z m v  

where  
E ' 

9- 
v = the  l i n e a r  velocity. 

= the  kinet ic  energy  of the flow of the endolymph 
= the  m a s s  of the  endolymph 

But th i s  f o r m u l a  does  not give the t r u e  value of E i f  the  ave rage  velocity is 
used. 
product of i nc remen ta l  m a s s e s  of endolymph by half the squa re  of t he i r  
velocity. 
different f r o m  the ac tua l  one. W e  w i l l  e s t ima te  the f ac to r  by which the actual 
m a s s  m u s t  b e  multiplied to  obtain the p r o p e r  value of the effective mass.  

To obtain the t r u e  value, an integrat ion m u s t  be pe r fo rmed  of the 

T h e  difference can  be c o r r e c t e d  by using an effective mass  

-6- 
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As indicated above, the distribution of velocity a c r o s s  the d iameter  of a 
pipe is parabol ic  for l a m i n a r  flow. It is ze ro  at the wal l  and a maximum at 
the center.  Le t  us  e x p r e s s  the velocity by the formula 

2 2  v = a(Rp - r ) 

where  
v = velocity of the fluid at  a distance r f rom the cen te r  

= the internal  radius  of the pipe 
= a constant as a function of viscosity.  

RP 
a 

The equation fulfills the condition of parabolic l a m i n a r  flow with zero  velo- 
c i ty  a t  the wa l l  and maximum velocity a t  t he  center.  W e  will first der ive 
the  kinetic energy  of the flow p e r  unit time as computed wrongly f rom 
average velocity. 

The'flow p e r  second computed on the basis of Equation (14) is 

Q = Z v a i R P  ( R l  - r2) rdr 

Q = C a R  4 
2 P  

The average  velocity v is given by a 

- 9  
'a- A 

where A is the internal  area of the pipe, and, 
3 

and, therefore ,  

-7- 
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The kinetic ene rgy  p e r  second computed, wrongly, on the  b a s i s  of 
average  velocity would be 

W 

= + Q k a  2 , 
w 

or ,  f rom Equations (16) and (19), 
4 

+p+ v a R  (3aR 2 2  ) 
W P 

. 1 3 8  
6 = 3 w a R  

W P 

W e  next compute the c o r r e c t  kinetic energy  of the flow by integrating the 
product  of the flow at each  increment  of rad ius  by half the velocity squared  
at the s a m e  point. 

C 

The  flow p e r  second f o r  an inc remen t  of rad ius  d r  is 

d q  = ( L  i t r  ar)  v 

dQ = (27Tr  d r )  a(R 

r 
2 2  - r ), P 

and the inc remen t  of ene rgy  is 
2 

di C +p(2 T r  d r )  - r2)] F ( R p 2  - r2)] 

and, therefore ,  

2 2 3  - r ) r d r  ; C = P * a 3 ~ R p  IRp 

1 3 8  
E C =-@Ta Rp 

From Equations (22) and (Z?) ,  it is seen  tha t  

#-Be\ 

\ - - /  

E = 2 i  
C W 

-8- 
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To c o r r e c t  f o r  th i s  effect we must  double the value of P in Equation (13) 
and the equation becomes  

L =  - 4cI . 
r2P 

2 This  is the s a m e  equation used by van Egmond, et al, but derived on o ther  
grounds. 

Check of the Formula  

Schmaltz u s e d  a value of r = 0.02 c m  f o r  the internal  radius  of the canals  
of man. A m o r e  accura te  figure appears  to be about 0.014, so that i f  this 
dimension is used in the modified formula,  the value of L = 200 r ema ins  ap-  
proximately the same.  

- 
f4 Van Egmond, et al, applied the formula to compute tne  consLam & 

canals  of man in an  at tempt  to confirm the value of 10 der ived by o ther  means. 
They used a value of 0.006 f o r  the coefficient of viscosity instead of 0.01 
used by Schmaltz.9 Th i s  would have the effect of reducing the constant. 
addition, they took the rad ius  of the canal to be r = 0.030 cm, whereas,  as 
indicated earlier, the present ly  accepted value is about r = 0.014. On this 
bas i s  they obtained a value of L = 27. Had the previously accepted value of 

r been used, the r e su l t  would have been L = 120 and 200 with a coefficient 
of viscosity of 0.01. 

In 

A check of the fbrmula  may  be made  on the bas i s  of experimentally der ived 
' L f o r  the ray. .*In a series of carefully conducted experiments ,  Groen, et al, 

3 

derived the value of L = 35 f o r  the elasmobranch horizontal  s emic i r cu la r  
cana ls  on the b a s i s  of measu remen t s  of the electrical activity of single fibers.  
Considerable re l iance can be  placed on the validity of the value of L. 
internal  radius  squared  of the r a y  is given by Jones  and Spells as r = 0.11 mmI 
Assuming this  dimension cor responds  to that of the cana ls  tes ted by Groen, 

3 et al, the value of L computed f rom Formula  ( 2 9 )  would be 

The 
4 2 2 

L = 3 6 .  

-9- 
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This  is a r a t h e r  remarkable  agreement  between theory and experiment.  
agreement  is probably too good not to involve some compensating e r r o r s .  
Still, it l ends  weight to the l ikely validity of the formula.  

The 

2 Experimental  Derivation of L by van Egmond, et al. 

Van Egmond, et al, argued ve ry  properly that cupula displacement,  and, 
therefore ,  sensed  velocity, l ead  actual motion f o r  f requencies  below the natural  
frequency of the sys t em and l a g  f o r  f requencies  above. If, therefore ,  a sub- 
jec t  would signal the instant at which he sensed  the velocity to be a maximum 
fo r  var iable  f requencies  of oscillation, the na tura l  frequency would be one 
between an observed lead  and lag. P could then be computed f rom this  value 
by the formula  

n 

and L determined f rom 
L = P 7 .  

2 In car ry ing  out t he i r  experiments ,  van Egmond, et al, used the ingenious 
technique of allowing the oscil lation to die out gradually so  that only the max-  
imum velocity portion of the cycle would be above threshold. The frequencies  
at which lead  and l ag  were  noted were,  respectively,  1.08 and 1.57 radians/second, 
o r  0.189 and 0.25 cps,  f r o m  which they determined wo = 1.25 radians/second. 
The phase lead  and l a g  f o r  these  two frequencies  can be computed f rom the 
formula 

2 2  
w - w  
0 tan 6 = 
wL 

(33)  

Using the value of L = 10 determined by van Egmond, et al, 
of these observations,  we have 

on the bas i s  

-10- 
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0 b l  = 2.1 

b2.' 3.2O 

where ti1 is the l ead  f o r  a frequency of 0.189 cps  and t i2 is the l a g  for  a 
frequency of 0.25 cps. 

At these frequencies  the t ime difference between the sensed point of maximum 
velocity and the actual point is about 0.035 second. 
of such s m a l l  t ime  differences would appear  difficult. 
would be 20 t imes  s h o r t e r  i f  the value of L were  taken to be 200 as computed 
f rom Equation (29). 

The subjective detection 
These t ime differences 

Subjective observat ions may  be dis tor ted by a number of factors.  
first, the react ion t ime  delay which is normally an o r d e r  of magnitude g r e a t e r  
A'--- &Le _--_ ----*i-n* ~ - 8 - 1 ~ ~ Q ~ V -  I ne.1-e IS .  alDU, C I l G  r & y $ . # L . o ' & u " s v u *  -_____ _ _  
body axis  which is g r e a t e s t  a t  high velocity. It would appear,  therefore,  that  
the values de te rmined  by van Egmond, et al, 

The re  is, 

- -  1. .. 1 - 1  ? E L  - 2  ----,.A 

2 are open to question. 

8 Determination of the Value of L by Niven and Hixson 
_I__ 

8 Niven and Hixson computed L on the bas i s  of a series of excellent experiments  
relating the phase shift  of nystagmus to an impressed  sinusoidal motion f o r  
the steady state. 
van Egmond, 
introduce the problem of react ion t ime  delay o r  shift  of sensed  body axis. 

T h e i r  method is not open to the s a m e  objections a s  that  of 
In the first place, the measurements  are objective and do not 

In 

the second place, the measu remen t s  of phase are taken a t  zero velocity, 
eliminating B r r o r s  due to leading eye movements. 
problem of the possible accuracy  of phase measurement .  

T h e r e  remains ,  .however, a 

8 Niven and Hixson 
the use of the highest  possible frequency of oscillation. In a highly damped 
system, such as the semic i r cu la r  canals,  the response  at low frequency is 

affected most ly  by the t ime  constant, while the value of L affects mainly the 
response at high frequencies.  Niven and Hixson, however, were  probably 

rea l ized  that  the accuracy of the determination of L required 

8 

-1 1- 
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l imited by the i r  equipment to a maximum frequency of 0 .2  cps. 
computed that at th i s  frequency an e r r o r  of measurement  of about four  de-  
g r e e s  would account f o r  the discrepancy between a value far L of 16 such 
as found in these  experiments  and one of 200. 

whether o r  not the nystagmus follows vestibular s ignals  to this  degree  of 
accuracy, assuming methods of measurement  a r e  adequate. 

It can be 

Some doubts a r e  permit ted 

The Effect of Cupula L e a k a B  

In o r d e r  to explain the discrepancy between the i r  computed value of 27  and an 
experimentally der ived value of 10 fo r  L, van Egmond, e t  al, assumed that 
leakage did occur  between the cupula and the wal ls  of the ampulla. 
therefore ,  des i rab le  to investigate the effect of such leakage on the values 
of the constants of t h e  equation. 

2 

It is, 

Figure 1. Schematic representat ion of leaky cupula. 

-1 2- 
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W e  let: 
0 

0 

= endolymph displacement  with r e spec t  to  the wal ls  

= cupula angular  d i sp lacement  where  0 e is a s sumed  

= viscous  moment on endolymph p e r  unit  velocity of 

e 

equal  to 0 f o r  the case of z e r o  cupula leakage C 

h ,  

h2  

endolymph 

= viscous  moment on endolymph p e r  unit velocity of 
cupula 

A = elastic f o r c e  on endolymph p e r  unit deflection of 
cupula 

I = the effective moment of iner t ia  of the endolymph and 
of all o the r  m a s s  in the system. 

would be der ived  with a forc ing  function. 

IBe t mlee t ( i z  ( e e  - e c )  = 0 

C = a 2 ( e e  - e c )  . 
(34)  

(35)  

Equation (34)  e x p r e s s e s  the fact that  viscous f o r c e s  and iner t ia l  fo rces  should 
add up to ze ro  around the loop. Equation (35) states that  cupula deflection 
is proport ional  to the difference of fo rce  between the two opposite wal l s  of 
the cupula. ' 

Solving Equation (35) f o r  6 e, 
+- 

e = e  t -  *€ I  
e c a2 c 

differentiating Equation (36) with r e s p e c t  to t ime,  

a .  .. e = e c + -  
e &2 C (37) 

-1 3- 



to e l imina te  8 giving e 
A 

(38) 
.* IA t l ) j - 6 c t ( c  &l *1 t l ) l e c  = o  

or ,  in t e r m s  of L and P, as defined previously, 

IA 
ec  t(- t i )  Lec t(% t 1) PB C = o .  

&1&2 
(39) 

If t h e r e  is no leakage  on the cupula, the value of Q2 is infinite and the equation 
becomes  

.. 
e C t L ~ ~ + P B  C = o ,  

. *. 
- - - L < - L  < -  - - * - + y r - @ n n +  +n k ’ n v - t i n n  t I I w i t  r i o i i t .  a L u i C j i l l z  l ~ l l ~ c I v L 1 .  u L z u  y I lu  ...____ 
8 = 8 . The latter assumption does not affect the quali tative r e s u l t s  of the . e  c 
analysis,  which shows that  the effect of cupula leakage is to  i n c r e a s e  the values  
of L and P, Cupula leakage cannot be in’voked, therefore ,  to account fo r  a 
reduction of L computed on the  bas i s  of no leakage, The effect is opposite. 

- . L  
. . _&_ - _ _  - - - 

Function a1 Re q ui,r e m e  nt 

The value of L defines the l i m i t s  of high frequency r e sponse  f o r  the canal. 
The so-called high c o r n e r  frequency is given by the fo rmula  

cps. L 
f U =  2n 

This  gives  ;value f o r  man  of 

f = 32 c p s  f o r  L = 200 
U 
fu = 1.6 c p s  f o r  L = 10. 

ncy is a point in  the frequency r e sponse  curve  where  
and the amplitude ra t io  is 0.707. A component 
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of a sys t em opera t ing  at its c o r n e r  frequency would produce considerable  
distortion. A control  engineer  designing a reasonably accu ra t e  sys t em would 
cer ta in ly  pick a value of ten to  one between upper  c o r n e r  frequency of a com- 
ponent and the  over-all d e s i r e d  response  of the system. The  value of L = 200 

would, therefore ,  be sa t i s fac tory  f o r  a frequency response  of 3 cps,  which 
appea r s  to be  within the bandwidth of head motion. 
1 - 6  cps  would s e e m  totally inadequate. 

A c o r n e r  frequency of 

It is, of course,  dangerous to r eason  teleologically when we do not know the 
exact configuration of the system. Still, it appea r s  that  be t te r  high frequency 
response  is cal led f o r  the semic i r cu la r  cana ls  than can be provided by a canal  

. with an upper  c o r n e r  f requency of 1.6 cps. 

The Adaptation of the Canals  to Various Species 

That  the high frequency r e sponse  of cana ls  is defined-by L and, therefore ,  
by 3, as indicated by Equation ( 2 9 ) ,  is shown by a study of the adaptation 

r 6 of cana ls  to va r ious  spec ie s  ( Jones  and Spel ls ,4  and Mayne ). 

var ia t ions  of r are indicated by these  s tudies  to cor respond to es t imated  v a r i a -  
t ions in t h e  f requency of body movements  of different species.  

1 

Systematic  

Deflection of the C u m l a  

The endolymph displacement  is given by 

0: 1 
1 4 T l  

LW 

I 

f o r  a frequency within the bandwidth of the canal  where  

2 P = w apx. .o  
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where  

8 = endolymph displacement output 

6 
0 

= velocity of the head. i 
0 If we assume  tha t  an average  maximum velocity of the head is 500 /sec, the 

maximum deflection of the endolymph would be 

500 - 2.5' for  L = 200 eo = T o  - 
and 

500 5oo eo = - =  for  L = 10. 

Notenough data  are available regarding the s i ze  of canals  and cupula to com- 
pute the corresponding amount of cupula deflection. It may  be  expected that 
it would be less, but assuming,  with van Egmond, that  cupula deflection is . 

correspond to widely differing deflections of the cupula. 
amount of deflection requi red  by the basal membrane  for  adequate st imulation 
of t he  auditory n e r v e s  in the cochlea, i t  would appear  that  the lower deflection 
would be sufficient. 
c i ty  lnput at f requencies  within the bandwidth of the sys t em may  provide a 
means  to evaluate the constant L. 

In view of the sma l l  

Measurement  of endolymph displacement  for  given vel0 - 

Discuss  ion 

A s  Iong as vest ibular  r e s e a r c h  dea l s  mainly with low frequency phenomena, as 
in cupulometry' or post  -rotational reactions,  the knowledge of the t ime constant 

of the canals  $s sufficient. 
p a r t  played by the cana l s  in the control of body movements, it becomes 
necessa ry  to know the actual value of the canal constants in addition to the i r  
ratio. 
those computed theoretically.  It is difficult to see what could be wrong with 
the theoret ical  derivation, par t icular ly  when it fits carefully, experimentally 
der ived values for the cana ls  of the elasmobranch and is consistent.  w i t 3  ob- 
s e r v e d  var ia t ions of canal dimensions in var ious species ,  

A s  r e s e a r c h  proceeds to the investigations of the 

Experimental ly  der ived  values  diffe'r by an o r d e r  of magnitude f rom 

New experimental  

-1 6- 
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methods are needed to resolve the differences. 
make  use of f requencies  higher than used previously, Nystagmus may  not 
be a suitable var iable  to observe  as an output of the vestibule. It could be 
that the constants will have to be der ived on the bas i s  of analysis  of move- 
ments  demonstrated to occur  in response  to vest ibular  signals. But there ,  
again, the mode of response  of body control mus t  first be established. 
cannot be assumed that the vestibule opera tes  direct ly  in c losed loop control 
in body control. 
taken into account. In the meantime, without m o r e  data, it would seem that 
the weight of evidence favors  the higher valued constants. 

These  experiments  must  

It 

The m o r e  sophisticated sys tem of programming must  be 
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